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The total soluble proteins were extracted from 38 strains of pink-pigmented facultatively methylotrophic bacteria (PPFMs) and the similarity between them was investigated by polyacrylamide gel electrophoresis. Normalized densitometric recordings of the protein profiles were computer-compared by two fundamentally different modes : peak search and position analysis, and correlation coefficient analysis. Factors influencing the reproducibility of the system were investigated. The data indicated that the PPFMs were more heterogeneous than previously believed. The results from both analyses showed a high degree of congruence with each other and with data from previous studies.
I N T R O D U C T I O N
A numerical taxonomic study of 150 strains of pink-pigmented facultatively rnethylotrophic bacteria (PPFMs) by Green & Bousfield (1982) demonstrated that these organisms shared a high phenotypic similarity. Subsequently it was proposed that they be placed in the emended genus Methylobacterium (Green & Bousfield, 1983) . However, the authors expressed reservations about the homogeneity of Methylobacterium, and although only two major phena resulted from the numerical study, it was suggested that more than two species may be present. Other studies (Urakami & Komagata, 1981) described four groups of PPFMs based on the electrophoretic mobilities of enzymes from selected organisms, Evidently there was the need for a more detailed examination of these organisms by chemotaxonomic methods.
The increase in the availability of computer-assisted analytical techniques has established polyacrylamide gel electrophoresis (PAGE) as a convenient and valuable tool for the classification and identification of bacteria (Feltham & Sneath, 1979; Kersters & De Ley, 1980) . PAGE has the advantage that large numbers of strains can be compared more rapidly than by DNA-DNA homology studies but with an equivalent discriminatory potential (Jackman, 1985) . This paper describes an analysis of the banding patterns of total soluble proteins isolated from 38 representative PPFM strains and resolved by PAGE.
METHODS
Bacteria examined and culture conditions. The bacterial strains investigated and their sources are listed in Table 1 .
PPFMs were grown in either the mineral salts medium of Colby & Zatman (1973) with 0.2% (v/v) methanol (or Kouno & Ozaki (1975) Eckersley & Dow (1980) Whittenbury & Dow (1977) --Binomials not included in the Approved Lists of Bacterial Names are given in quotation marks. Names by which the strains were formerly known are given in parentheses.
# Sources of strains: a, Dr R. M. Lafferty, Technische Universitat, Graz, Austria; b, Dr M. E. Rhodes-Roberts, University College of Wales, Aberystwyth, UK; c, Dr B. Austin, Heriot-Watt University, Edinburgh, UK; d, ICI Ltd, Billingham, Cleveland, UK; e, Dr P. N. Green, Aberdeen, UK -isolated from roadside dust.
Preparation of solubleprotein extracts. Harvested cells were washed twice in TES (100 mM-Trizma base, 10 mMNa2EDTA, 100 mM-NaC1, pH 8.0) buffer then resuspended in 2-3 ml of the same. Samples (1 ml) were broken by repeated sonication (8-10 twenty-second pulses, 18 pm peak to peak) with an MSE 12/76 MK2 sonicator. Samples were suspended in an ice/methanol bath during sonication and left for 2 min intervals between each 20 s sonication period to minimize thermal denaturation of the proteins. Sonicates were centrifuged at 10000 g for 30 min, and the supernatant was dialysed against gel sample buffer (125 mlO.05 M-Trizma base pH 6.8 + 100 ml glycerol + 525 ml H20)) at 4 "C. The protein concentration of the supernatants was determined by the Bio-Rad protein assay system, as described by the manufacturers, using bovine serum albumin as a standard. Cell-free protein extracts were stored at -20 "C.
Standard conditionsfor PAGE.
A sodium dodecyl sulphate (SDS) linear 10% (w/v) gel and discontinuous buffer system were used. Gels were cast between glass plates with a stacking gel polymerized on top of the resolving gel (Laemmli, 1970) . A 45 x 25 cm resolving gel was prepared from a mixture of 24.9 ml 60% (w/v) acrylamide solution [60 g acrylamide (Eastman Kodak), 1.6 g bisacrylamide (Eastman Kodak) made up to 100 ml with Protein profiles of facultative methylotrophs 2377 double-distilled water] + 18.75 ml gel buffer (3 M-Trizma base made to pH 8 with HC1) + 1.5 ml 10% (w/v) SDS + 104.7 ml double-distilled H,O. The solution was degassed under vacuum, mixed with 30 pl N,N,N',N'-tetramethylethylenediamine (TEMED) and 300 pl ammonium persulphate (lo%, w/v) then pumped between the glass plates immersed in a water bath at 18 "C. After polymerization, a stacking gel was prepared from a solution containing 6 ml stacking gel acrylamide solution (10 g acrylamide, 0.5 g bisacrylamide made up to 100 ml with double-distilled HzO) + 4.8 ml stacking gel buffer (0.5 M-Trizma base made to pH 6-8 with HCl) + 0.2 ml 10% (w/v) SDS + 8.8 ml sterile double-distilled H20. TEMED (10 pl) and ammonium persulphate (200 pl of lo%, w/v) were added after degassing then the solution was poured above the resolving gel with a lucite slot-former pushed into the top. Soluble protein samples ( 5 pg of 1.5-9 pl volume), with 0.5 pg of each of cytochrome c (Sigma) and thyroglobulin (Pharmacia) added, were denatured by boiling with lop1 10% (w/v) SDS, lop1 75% (v/v) glycerol, lop1 2-mercaptoethanol and 5 p1 bromophenol blue (0.1 %, w/v) for 5 min. Denatured samples were loaded into individual gel slots then electrophoresed (12 mA at 4 "C) in an electrophoresis tank (Studier, 1973) filled with running buffer [604 g Trizma base, 28.8 g glycine (Bio-Rad) per litre of double-distilled H 2 0 ; 10 ml 10% (w/v) SDS was added per litre of buffer before use]. Gels were run until the marker dye reached the bottom of the resolving gel. Gels were removed from between the glass plates, fixed in 50% (v/v) methanol (GPR), then stained with silver nitrate by the method of Wray et al. (1981) .
Stained gels were photographed with Kodak Panatomic-X film (32 ASA) over a fluorescent light transilluminator.
Densilometry. Stained gels were scanned with a Joyce Loebl Mk I11 CS microdensitometer (objective x 10; final aperture width 60 pm; aperture height 10; 133 wedge, scan speed 2.5) interfaced by the potentiometer to an Acorn BBC B microcomputer system. Densitometric tracings (electrophoretograms) were displayed on the computer screen and simultaneously stored on floppy disc as 1000-point profiles. Stored profiles could be recalled from disc and output to a graphics plotter (Radio Shak TRS 80) either singly or superimposed.
'Companding' of electrophoretograms. The relative mobility of protein preparations differed slightly across a gel, even under the most reproducible electrophoretic conditions. When included, the internal reference proteins cytochrome c ( M , 12000) and thyroglobulin ( M , 330000) banded at the lower and upper extremes respectively of each protein profile (see Fig. 1 ) and allowed 'normalization' (Kersters & De Ley, 1975 ) of all scanned traces to an equivalent length for subsequent comparison. The computer analysis programs located these reference proteins and assigned them to positions 0 and 899 on a new standard-length (900-point) profile. For each trace the intervening points were then compacted or expanded ('companded') by a scaling factor to positions in the same relative order in the normalized 900-point trace. Electrophoretograms from any gel could then be compared directly and automatically in all pairwise combinations by the two methods described below.
Peak search andposition analysis. Each companded trace was scanned at 256 horizontal levels between minimum and maximum trace height and peaks were detected by analysis of trace points at successive levels. Selectable search parameters for peak height and width thresholds allowed the level of peak discrimination to be chosen. Peak positions were recorded and for each pairwise comparison the number of peaks at coincident positions was calculated.
Even after normalization of traces small variations in the positions of homologous bands may exist due to technical imperfections within the system used. Correspondingly, a 'margin factor' was included to allow misaligned peaks to be marked as coincident if they fell within narrow defined limits (normally kO.3% of trace length) on either side of the absolute position for coincidence.
When required, the often considerable background absorbance trend caused by overlapping peaks in gel traces (Feltham & Sneath, 1979; Jackman, 1985) could be partly removed. A grossly averaged trace ofjust ten points was constructed and 0.5 of this subtraced from the original trace. This allowed increased discrimination between some traces. Two similarity coefficients, the Dice (Jackman, 1985) and a modified Jaccard (Sneath, 1978) , were calculated for each pairwise comparison. Either coefficient could be selected to be stored on disc as part of an unsorted similarity matrix file for subsequent analysis.
Correlation coeficient analysis. An alternative mode of electrophoretogram analysis was to compare the entire trace contour rather than to rely simply on peak positions for analysis. Normalized traces were reduced from 900 to 450,300 or even 100 point traces by group point averaging (Jackman, 1985) to reduce subsequent computing time. Traces could be reduced to 100 points with negligible effect on trace resolution (Jackman, 1985) . All combinations of electrophoretograms from any gel were compared pairwise by analysing the height at corresponding points along each trace using the Pearson product-moment correlation coefficient (r) (Kersters & De Ley, 1975) . Best fit was obtained by recalculating the similarity of each set of corresponding points at increasing degrees of misalignment to a maximum of 1 % of total trace length. Any contribution to similarity from the internal marker proteins was ignored during computation. r values were stored on disc as an unsorted similarity matrix file. No integral background subtraction capacity was included as background is relatively less important with silverstained gels. If required, a separate program could be used to remove straight-line, partial or complete background trends from each electrophoretogram before comparison.
Matrix sorting. Similarity matrices generated by each analysis method and stored on disc were sorted by computer and instructions for drawing a dendrogram were output to a printer. Matrix sorting was by the UPGMA (unweighted pair-group method using arithmetic averages) algorithm (Sneath & Sokal, 1973) .
Computer programs. All computer programs were written in BASIC for the BBC B microcomputer by M. Whiteside and D. Hood (University of Warwick, Coventry).
R E S U L T S A N D DISCUSSION
Reproducibility of the system As indicated by Kersters & De Ley (1980) and Jackman (1 985), the single most critical factor influencing the potential application of the PAGE protein system to bacterial taxonomy is its reproducibility.
Growth medium, culture age and protein extract preparation. Growth on a variety of culture media had little visible effect on the overall protein pattern of representative strains Methylobacterium extorquens NCIB 9399 and Methylobacterium sp. R 14. However, differences were found after quantitative comparisons of electrophoretograms by both the peak search and correlation coefficient methods. Values of r as low as 0.85 were obtained for protein extracts from a selected strain when cultured on a variety of media such as mineral salts with methanol, mineral salts with glycerol, glycerol/peptone, nutrient broth and pyruvate/malate/yeast extract medium.
Similarly, quantitative differences were found when strains were harvested at various stages during their growth cycles. Protein extracts of M . extorquens NCIB 9399 had r values as low as 0.83 when prepared from cells grown to OD600 values ranging from 0.05 to 2.0.
Repeat preparations from a batch of M . extorquens cells gave a mean similarity value of 0.96 when electrophoresed and analysed on a single gel. Repeated freeze-thawing (20 cycles) of the protein extracts had a negligible effect on the similarity values obtained.
Gel analysis. With the peak search and position analysis, repeat scans (10 times) along the same path of a given gel track gave an average similarity value of 0-99. An identical value was obtained by correlation coefficient analysis at low resolution (100 points) and a value of 0.98 at high resolution (450 points). Repeat scans along unique paths for any given gel track gave mean r values of 0.98 at low resolution, comparing favourably with the values reported by Jackman (1 985).
Gel reproducibility. A chosen protein extract, when run in multiple random lanes across eight gels, gave mean similarity values for intra-gel comparisons of 0.99 and 0.96 by the correlation coefficient and peak search methods respectively. For inter-gel comparisons by the correlation coefficient method this value dropped to r = 0.84. This is above the value of r = 0.80 given as the lower limit for reproducibility (Sneath & Johnson, 1972) but below that found by Kersters & De Ley (1975) . Some variability between gels was undoubtedly due to heterogeneity in the gel matrix composition and minor fluctuations in electrophoretic conditions, but the major factor which influenced reproducibility was found to be the silver staining method used. Although a rigorously controlled staining procedure was adhered to, the method gave some quantitative differences in intensities of protein bands run under identical conditions on repeat gels. Nevertheless, comparisons within any gel were reliable (see above) and for this reason, this study used 42 lane gels to allow extracts from all of the PPFM strains to be electrophoresed and stained in a common matrix (see Fig. 1 ).
The importance of reproducibility cannot be over-emphasized in quantitative studies such as these. The composition, electrophoresis, staining and densitometry of gels can all be controlled to produce acceptable levels of reproducibility with a little time and care. Reproducibility is of course enhanced when analysis of similarities between the stained profiles is entirely computer controlled. Of paramount importance is the preparation of the protein extracts. Clearly factors such as the detailed composition of the growth medium and the time of harvesting of the cells are important when studying the PPFMs. With such fundamentally different modes of growth it is not surprising to find quantifiable differences in the protein contents of cells grown under methylotrophic and heterotrophic conditions (Anthony, 1982) . However, such differences need not be so apparent when investigating other groups of organisms (Swings et al., 1976) . Numerical analysis of electrophoretograms The results expressed below are averages of the values obtained after comparison of protein extracts from 38 PPFM strains run on three separate 42-track gels. Fig. 2 shows a dendrogram constructed after UPGMA clustering of data obtained by peak search and position analysis, and Fig. 3 shows the equivalent dendrogram after correlation coefficient analysis at low resolution. The latter is necessarily representative of a more complete comparison of the soluble protein contents (Kersters & De Ley, 1975) but both sets of data show a high degree of overall similarity.
Results from individual gels were very similar to the final result, giving the same cluster pattern but with a few minor rearrangements in the internal positions within these clusters. Occasional atypical gel lanes were identified after visual cross-checking. Invariably these were due to bowing of the gel track or slanting of some bands and were ignored during analysis. With peak search and position analysis the choice of coefficient (Dice or Jaccard) had little effect on the overall clustering pattern. The Dice coefficient, which compared to the Jaccard coefficient gives more weight to positive matches, resulted in a greater spread of linkage values along the xaxis of the dendrogram and some single-member clusters were displaced. This mode of analysis could be used as a rapid method for identifying unknowns against a series of reference protein extracts from known strains electrophoresed on the same gel. With correlation coefficient analysis, increased trace resolution (450 points) again led to only minor rearrangements within clusters and some repositioning of single-member clusters, with an increase in the spread of linkage values along the x-axis. This was in agreement with Jackman (1985) .
Removal of a uniform background along the entire trace had no effect on the similarity values obtained by either analysis method. Complete background trend subtraction, using minimal valley values, did cause slight alterations in the resultant clustering patterns with the correlation coefficient analysis, and the displacement of one or two single-member clusters. Again there was an increase in the spread of linkage values along the x-axis. An analysis of raw gel data demonstrated the importance of companding for obtaining reproducible and meaningful results. When an arbitrary similarity value of 0.75 was taken as the lower limit for the grouping of strains, then clusters A, D, G , I + J, K, L + M and Q from the peak search and position analysis (Fig. 2) corresponded with clusters 12, 3, 4, 5, 8, 9 and 6 respectively from the correlation coefficient analysis (Fig. 3) . Clusters Q and A contained the same strains as 6 and 12 respectively in an equivalent order. Clusters D, G and K corresponded with clusters 3 , 4 and 8 respectively with minor internal rearrangements, clusters I and J with cluster 5 and clusters L and M with cluster 9. Single-membered clusters B, E, F, N and 0 linked at approximately equivalent positions to 7, 1,2, 10 and 1 1 respectively. Clusters Q, C and P showed disparate linkage values from 6, 13 and 14 respectively. Such discrepancies were undoubtedly due to the fundamentally different modes of analysis used. The peak search and position analysis was more dependent on detecting an equivalent number of peaks for each electrophoretogram investigated. Both sets of data agreed well with visual observations and comparisons made directly from the gels and gel photographs.
No pattern of major bands common to all electrophoretograms could be identified. In general, analysis by the correlation coefficient method proved most satisfactory and reproducible. This was particularly evident when considering the similarity between PPFMs and non-related strains. Protein extracts from reference strains E. coli C and members of the Rhodospirillaceae (Table 1) were routinely included on each analytical gel. These grouped at levels just below those for clustering of the most loosely associated PPFM strains. Electrophoretograms from reference strains were visibly distinct from those of the PPFMs (Fig.  l) , and were being grouped towards the lower limits of discrimination (40-50% similarity) by the system under the parameters used. This lower limit could be raised by altering the search and comparison parameters (such as trace resolution) but relative relatednesses between strains remained unaltered. With the peak search and position analysis, reference strains were occasionally grouped at a level equivalent to the least related PPFM strain. Such analysis makes this almost inevitable as each band detected on a gel can consist of several unique proteins and their numbers make random coincidence very likely. previous DNA homology study involving most of the strains examined in this paper (Hood et al.,  1987) . The major clusters obtained in this and the DNA homology study were in agreement, only strain N-2 and a few single-member clusters showing different linkage positions. Several strains were included in only one of these studies. At DNA homology values 270%, clustered strains showed a striking similarity with their corresponding electrophoretograms, and below this homology value they showed an equally obvious divergence. A high correlation between DNA homology and protein comparison data has also been found in previous studies (Kersters & De Ley, 1975; Christiansen et al., 1981 ; Owen & Jackman, 1982) . Additionally, the grouping of strains in this study agrees well with the results obtained after limited electrophoretic analysis of isofunctional proteins (enzymes) by Urakami & Komagata (198 1) . Their zymogram studies of 15 enzymes grouped representatives of the PPFMs in an identical pattern to that obtained in this larger and more general study.
Taxonomic irnplica t ions
There is also broad general agreement between the protein similarity groups (Fig. 2) and the clusters obtained after the numerical taxonomic investigation of Green & Bousfield (1982) . However, the protein groupings suggest that the PPFMs constitute a more heterogeneous group, in agreement with previous findings from DNA homology experiments (Hood et al., 1987) . Several strains included in this study, namely D5, D12, D21 and M . radiotolerans (NCIB l0815), were not investigated by Green & Bousfield (1982) .
One distinct advantage of the PAGE-protein system over DNA homology studies was that it could rapidly screen a large number of strains. With the aid of computer-assisted analysis, one can identify and quantify obvious similarities and indicate the key strains for more detailed investigation using nucleic acid homology or sequencing studies.
Although few firm taxonomic conclusions can be drawn from this study in isolation, the results lend support to, and/or help clarify, the findings of previous phenotypic and genotypic studies which indicated that all PPFM strains should be grouped within the genus Methylobacterium.
